during ICU stay. Microbiological assessment of available Pseudomonas aeruginosa isolates included minimum inhibitory concentrations for key antimicrobial agents. Results: Four hundred and seventy-two patients, primarily from the community (346, 73.3%), were treated in medical ICUs (272, 57.6%). Clinically defined pneumonia was common (264, 55.9%). Six hundred and nineteen GN organisms were identified from index respiratory cultures: P. aeruginosa was common (224, 36.2%), with 21.6% of these isolates being multidrug resistant. Cefepime (213, 45.1%) and piperacillin/tazobactam (174, 36.8%) were the most frequent empiric GN therapies. Empiric GN therapy was inappropriate in 44.6% of cases. Lack of in vitro susceptibility (80.1%) was the most common reason for inappropriateness. Patients with inappropriate empiric GN therapy had longer overall stay, which translated to a median total cost of care of $79,800 (interquartile range $48,775 to $129,600) versus $68,000 (interquartile range $38,400 to $116,175), p = 0.013. Clinical failure (31.5% vs 30.0%, p = 0.912) and in-hospital all-cause mortality (26.4% vs 25.9%, p = 0.814) were not different. Conclusion: Drug-resistant pathogens were frequently found and empiric GN therapy was inappropriate in nearly 50% of cases. Inappropriate therapy led to increased lengths of stay and was associated with higher costs of care.
INTRODUCTION
Lower respiratory tract infections (LRTIs), including pneumonia, are a major cause of morbidity and death in the USA and across the world. The Centers for Disease Control and Prevention (CDC) reports pneumonia to be the leading cause of infection-related death [1] . The literature describing the epidemiology and mortality associated with nosocomial pneumonia extends back decades. In the 1980s to 1990s, the risk of pneumonia in mechanically ventilated patients averaged between 20% and 30%, Gram-negative bacteria such as Pseudomonas aeruginosa were common, and mortality was high (upward of 40%) but often nonsignificantly different from mortality in mechanically ventilated patients without pneumonia [2] [3] [4] [5] [6] [7] . The most recent publications on resource utilization and economic burden report ventilator-associated pneumonia (VAP) rates of 10-20%, with mortality up to twice as high as in ventilated patients without pneumonia [8, 9] .
The clinical criteria of VAP have been described as subjective and nonspecific, leading to inadequate surveillance [10] . More than 50% of nonteaching hospitals reported a VAP rate of 0% in 2010, leading to recent changes in surveillance definitions [11] . In addition, the increasing prevalence of multidrug-resistant Gram-negative bacteria is a major cause for concern. Klebsiella spp. now exhibit 11% resistance to carbapenems and nearly 24% resistance to extended-spectrum cephalosporins such as cefepime [12] [13] [14] . In the International Network for Optimal Resistance Monitoring (INFORM) program, among all P. aeruginosa isolates tested in the United States, approximately 12% were resistant to meropenem and 10% were resistant to piperacillin/tazobactam. Among multidrug resistant isolates, approximately 60% were resistant to meropenem and 50% were resistant to piperacillin/tazobactam [15] . Prolonged exposure to hospital environments and prior antibiotic exposure have been independently associated with the increased risk of developing multidrug-resistant organisms (MDROs) [12] [13] [14] 16] . Adding to the concern, the CDC reports a mortality rate of up to 50% in patients known to carry these MDROs [17] .
The literature discussing the time to appropriate therapy in nosocomial LRTIs has consistently demonstrated a survival advantage when effective antimicrobial therapy is started promptly [18] [19] [20] . The increasing rates of MDROs and increased awareness regarding the diversity of LRTIs in the intensive care unit (ICU) leads to new concerns regarding the optimal approach to initial antimicrobial therapy. Because of numerous changes regarding how respiratory tract infections are defined, treated, and regulated, as well as an ever-increasing prevalence of MDROs, there is a gap in knowledge regarding the current burden and management of LRTIs in ICUs. The study objective was to define the prevalence and characterize the patient-specific factors associated with Gram-negative LRTIs in the ICUs of the Detroit metropolitan area, with an emphasis of MDRO prevalence, antibiotic consumption, and appropriateness of empiric antibiotic therapy.
METHODS

Study Design and Population
This was a retrospective, cross-sectional study conducted in two large academic health systems that comprise most of the hospitals located within the Detroit metropolitan area. The Detroit Medical Center (DMC) is an eight-hospital system comprising four adult general care hospitals, which account for more than 120 ICU beds. Henry Ford Hospital, located directly in Detroit, has more than 160 ICU beds. Adults aged 18 years or older admitted to medical, surgical/trauma, neurosurgical, or burn ICUs between October 1, 2013, and October 31, 2015, with a diagnosis of LRTIs with Gram-negative organisms were included in the analysis [21, 22] . Patients younger than 18 years, pregnant, with known P. aeruginosa colonization, with cystic fibrosis, or who died within 24 h of initiation of antimicrobial therapy were excluded.
Data Collection and Definitions
Patients were identified through a clinical surveillance support software program (TheraDoc, Salt Lake City, UT, USA) for sputum, bronchoalveolar lavage (BAL), or tracheal aspirate positive for at least one Gram-negative organism. Additional patient screening and data collection were performed retrospectively through electronic medical record review. The Sequential Organ Failure Assessment (SOFA) score within the first 24 h of ICU admission was determined for each patient. Clinical characteristics throughout the course of care were collected, and included overall length of stay, length of ICU stay, concurrent Gram-positive infections, concurrent bacteremia, 30-day readmission, and infection-related death as diagnosed by the treating medical team. The type of LRTI was defined with use of CDC/National Healthcare Safety Network surveillance criteria [21, 22] . Diagnosis of LRTI was validated through electronic medical record review for CDC-defined diagnostic and radiological criteria.
The definitions for MDROs were based on previously published criteria from the CDC and expert proposal for standard definitions [17, 23] . Extended-spectrum b-lactamase (ESBL)-producing Gram-negative bacteria of the family Enterobacteriaceae were defined as demonstrating nonsusceptibility to extended-spectrum cephalosporins or aztreonam [24] . Multidrug-resistant Pseudomonas and Acinetobacter had to demonstrate nonsusceptibility to at least one antibiotic agent in a minimum of three distinct antimicrobial classes of commonly used agents [17, 23] . Extensively drug-resistant organisms had to demonstrate nonsusceptibility to at least one antimicrobial agent in all but two antimicrobial classes [23] .
Empiric therapy was defined as receipt of antibiotics before availability of culture and susceptibility data. Appropriate therapy was defined as a composite metric wherein each criterion that was applicable had to be met. This included receipt of antibiotics that were (1) active in vitro against the causative organism(s), (2) dosed correctly on the basis of patient rental function (as applicable), (3) dosed correctly on the basis of patient weight (as applicable), (4) dosed appropriately on the basis of therapeutic monitoring parameters (as applicable), and (5) recommended according to local/institutional and/or national Infectious Diseases Society of America (IDSA) guidelines. Clinical failure was defined as the following: clinical deterioration based on persistent or worsening signs and symptoms of infection, including all-cause in-hospital death. All data were entered into a secure electronic REDCap TM database (Vanderbilt University, Nashville, TN, USA).
Microbiological Analysis
The first available P. aeruginosa respiratory tract isolates were collected from the clinical microbiology laboratories of the DMC and HFH. The minimum inhibitory concentrations (MICs) were determined by non-automated broth microdilution for each isolate in duplicate according to Clinical and Laboratory Standards Institution Guidelines [24] . Testing was completed at the Anti-Infective Research Laboratory in Detroit, Michigan. Susceptibilities were determined for cefepime, piperacillin/tazobactam, ceftazidime, ceftolozane/tazobactam, aztreonam, meropenem, imipenem/cilastatin, and ciprofloxacin. For all Gram-negative organisms identified in respiratory samples, susceptibility data was collected from the electronic medical record as reported by the on-site clinical microbiology laboratory. HFH used a VITEK Ò 2 system (bioMérieux, Durham, NC, USA) and DMC used a Phoenix TM system (Becton, Dickinson and Company, Sparks, MD, USA) for automated susceptibility testing.
Statistical Analysis
Descriptive statistics were summarized by means (and standard deviations) or medians [and interquartile ranges (IQRs)], and proportions, as applicable. Cost data related to total length of stay and length of ICU stay were estimated with use of 2015 American Hospital Association total cost estimates [25] 
RESULTS
Among patients meeting the inclusion criteria, 238 (50.4%) were treated in the DMC and 234 (49.6%) were treated at HFH. The mean age of patients included in the study was 62.7 years (standard deviation 15.9 years). Within the study population, 288 (61.0%) were male, and 278 (58.9%) were black. Most patients were admitted from the community (346, 73.3%), followed by transfer from an outside hospital/ health system (60, 12.7%) and a nursing home/ skilled-nursing facility (53, 11.2%) ( Table 1 ). The median SOFA score for patients included in the final analysis was 9 (IQR 7-12). Clinically defined pneumonia was the most common type of LTRI reported (264, 55.9%), followed by an infection-related ventilator-associated condition (160, 33.9%). The primary source of respiratory cultures was sputum (303, 64.2%), followed by tracheal aspirate (95, 20.1%) and BAL (74, 15.7%). The median time from patient admission to isolation of the first Gram-negative organism from a respiratory culture was 5.1 days (IQR 1.6-10.9 days). Sixty-three patients (13.3%) had concurrent bacteremia: 29 patients (6.1%) had Gram-negative infections, 28 patients (5.9%) had Gram-positive infections, and six patients (1.3%) had polymicrobial infections.
A total of 619 Gram-negative organisms were identified from 472 patients (Fig. 1) . Members of the family Enterobacteriaceae were the most common species isolated (250, 40.4%). The most common organism isolated from respiratory cultures was P. aeruginosa (224, 36.2%). Polymicrobial LTRIs were reported in 243 patients (51.4%); 132 (27.9%) had at least two Gram-negative organisms isolated, whereas 111 (23.5%) had both Gram-positive organisms and Gram-negative organisms isolated from respiratory cultures. Among members of the family Enterobacteriaceae, 50 isolates (20.0%) were identified as the ESBL-producing phenotype, and six (2.4%) were carbapenem resistant. MDROs represented 21.6% of P. aeruginosa isolates identified, 7.6% of which were extensively drug resistant.
Among Acinetobacter baumannii, 64.4% were identified as MDRO, 16.3% were extensively drug-resistant. A total of 120 P. aeruginosa isolates were collected for additional diagnostic testing by the Anti-Infective Research Laboratory (Table 2) .
A total of 464 patients had sufficient antibiotic data to be assessed for appropriateness of therapy. Empiric antibiotic therapy differed significantly from patient to patient and from guideline recommendations (Table 3) . There were no significant differences in clinical failure rates or in-hospital mortality when they were stratified by the primary reason for inappropriateness of therapy (i.e., lack of in vitro activity versus guideline adherence). Variables associated with clinical failure on univariate analysis included mechanical intubation during ICU admission, acute kidney injury, history of chronic kidney disease, and higher SOFA score. On multivariable logistic regression, the only variable independently associated with clinical failure was higher SOFA score (adjusted odds ratio 1.31, 95% confidence interval 1.07-1.20). Mechanical intubation was not added to the model because it is incorporated in the SOFA score (Hosmer-Lemeshow goodness of fit p = 0.009). In a subset of patients with organisms identified only from BAL or tracheal aspirate, inappropriate definitive therapy was not associated with differences in clinical failure rates (32.8% vs 34.9%, p = 0.563), in-hospital mortality (32.8% vs 34.0%, p = 0.876), or 30-day mortality (45.5% vs 54.4%, p = 0.745).
Among patients with initial inappropriate Gram-negative therapy, 81.5% were switched to appropriate targeted therapy. The time to appropriate therapy was a median of 2 days (IQR 0-4 days). Once susceptibility results were available for targeted therapy, the most common reason therapy was inappropriate was secondary to inappropriate renal dose 
DISCUSSION
During the time of this study, guidelines and preventative literature on the management of LTRIs, in particular hospital-acquired pneumonia (HAP) and VAP, were a decade old [26] . In that decade, drug resistance has increased rapidly with very little innovation through the antibiotic pipeline [27] . Additionally, the definitions for LRTIs have changed and are not the same as those used in clinical trials or daily practice [28] . Lastly, most of the contemporary literature on resource utilization and economic burden has focused on community-acquired pneumonia or has not incorporated the new, broader definitions for HAP/VAP [29-31.] The current cross-sectional study of LTRIs in the ICU sought to observe and document the burden of illness, incidence of antibiotic resistance, antibiotic consumption, and clinical outcomes in a contemporary cohort of ICU patients with CDC-defined LRTIs.
Isolates collected from identified patients demonstrated high rates of resistance to key antimicrobial agents. Among the Enterobacteriaceae, 20% were potentially ESBL-producing organisms and 21.6% of P. aeruginosa isolates were multidrug resistant. These findings are similar to data from the SENTRY Antimicrobial Surveillance Program [32] . The ESBL phenotype was identified in 35.1% of Klebsiella spp., and only 65.8% of P. aeruginosa isolates demonstrated susceptibility to meropenem. In the CENIT study, ceftolozane/tazobactam was tested against clinical isolates of both P. aeruginosa and Enterobacteriaceae [33] . Among 500 P. aeruginosa isolates the MIC at which 50% of isolates are inhibited (MIC 50 ) was 0.5 mg/L and the MIC at which 90% of isolates are inhibited (MIC 90 ) was 4 mg/L. In an analysis of 1019 P. aeruginosa isolates from both the USA and Europe, the ceftolozane/tazobactam MIC 50 was 0.5 mg/L and the MIC 90 was 4 mg/L [34] . These results align with those of the current study. Of particular interest is that, in this contemporary cohort of patients, there was no difference in morbidity/mortality when patients were prescribed appropriate versus inappropriate empiric Gram-negative therapy. The definition of appropriate therapy used was a composite metric and broad in scope. The lack of significant differences persisted after post hoc stratification by each composite metric, including in vitro activity. The prevailing literature demonstrates that timely appropriate antibiotic therapy in the ICU leads to improved outcomes, including decreased mortality [36] [37] [38] [39] [40] [41] . This raises the question of whether administering antimicrobial therapy to every patient with an identified organism and CDC-defined LRTI adds clinical value. Additionally, the median duration of antibiotic therapy was 10 days, with many patients prescribed antibiotics for more than 2 weeks. Current IDSA HAP/VAP guidelines recommend 7 days of therapy for most patients who demonstrate clinical improvement. Prolonged antibiotic exposure may result in increased risk of adverse events, such as the development of Clostridium difficile infection [42] [43] [44] [45] [46] .
There are several limitations to the current study. Most notably, the retrospective design made it challenging to determine true infection and the rationale for antibiotic choices. Inclusion and exclusion criteria were designed to limit the number of patients presenting with colonization; however, this could not be guaranteed and could potentially be reflected in the clinical outcomes. Additionally, the use of CDC-defined LTRIs, as opposed to traditional definitions of HAP/VAP, could be viewed as either a strength or a limitation [47] . In a recent 
